Reductive dehalogenases are essential enzymes in organohalide respiration and consist of a catalytic subunit A and a membrane protein B, encoded by rdhAB genes. Thirty-two rdhAB genes exist in the genome of Dehalococcoides mccartyi strain CBDB1. To gain a first insight into the regulation of rdh operons, the control of gene expression of two rdhAB genes (cbdbA1453/cbdbA1452 and cbdbA1455/cbdbA1454) by the MarR-type regulator Rdh2R (cbdbA1456) encoded directly upstream was studied using heterologous expression and in vitro studies. Promoter-lacZ reporter fusions were generated and integrated into the genome of the Escherichia coli host. The lacZ reporter activities of both rdhA promoters decreased upon transformation of the cells with a plasmid carrying the rdh2R gene, suggesting that Rdh2R acts as repressor, whereas the lacZ reporter activity of the rdh2R promoter was not affected. The transcriptional start sites of both rdhA genes in strain CBDB1 and/or the heterologous host mapped to a conserved direct repeat with 11-to 13-bp half-sites. DNase I footprinting revealed binding of Rdh2R to a ϳ30-bp sequence covering the complete direct repeat in both promoters, including the transcriptional start sites. Equilibrium sedimentation ultracentrifugation revealed that Rdh2R binds as tetramer to the direct-repeat motif of the rdhA (cbdbA1455) promoter. Using electrophoretic mobility shift assays, a similar binding affinity was found for both rdhA promoters. In the presence of only one halfsite of the direct repeat, the interaction was strongly reduced, suggesting a positive cooperativity of binding, for which unusual short palindromes within the direct-repeat half-sites might play an important role.
O
rganohalide-respiring bacteria are important players in the global halogen cycle. They release halogenated substituents from natural and anthropogenic organohalogen compounds under anoxic conditions. These bacteria are capable of conserving energy using organohalide respiration, whereby they use the halogenated compounds as terminal electron acceptors. Only some bacteria within the phyla Firmicutes, Gamma-and Epsilonproteobacteria, and Chloroflexi are capable of this mode of energy conservation. Dehalococcoides mccartyi, a member of the Chloroflexi, is obligately dependent on organohalide respiration for growth (1, 2) . Moreover, hydrogen is the only electron donor used by D. mccartyi, and acetate and carbon dioxide serve as sole carbon sources.
The genomes of D. mccartyi strains contain between 11 and 36 nonidentical rdhAB genes encoding the catalytic subunit A and the putative membrane anchor B of reductive dehalogenase homologous (Rdh) proteins, respectively, (3) (4) (5) (6) (7) . This high number probably reflects the diversity of organohalogen compounds, which can be reductively dehalogenated by Dehalococcoides strains. To date, only a few RdhAs from D. mccartyi have been purified in their native form, allowing the study of their substrate specificity. The reductive dehalogenases PceA and TceA from strain 195 and VcrA from strain VS all dechlorinated halogenated ethenes but showed distinct substrate spectra (8) (9) (10) (11) . CbrA from strain CBDB1 was the first Rdh for which the dechlorination of chlorobenzenes was shown (12) . This strain is able to dehalogenate a range of halogenated benzenes, phenols, dibenzop-dioxins, biphenyls, and tetrachloroethene (13) (14) (15) (16) (17) (18) .
It has been proposed that expression of these rdhAB genes is transcriptionally regulated; however, to date little is known about control of gene expression in these bacteria. Genes encoding predicted transcriptional regulators are present in the vicinity of most of the rdhAB genes. In strain CBDB1, 15 of its 32 rdhAB genes are associated with genes encoding multiple antibiotic resistance (MarR)-type regulators, and 14 are associated with two-component system regulators (3, 19) . MarR-type regulators are a subgroup of winged helix-turn-helix (wHTH) DNA-binding proteins, which are known to bind as dimers to short palindromic sequences in promoters. They act mostly as repressors of target genes and often also control their own expression, whereby the interaction with a specific ligand releases the repressor from the promoter, allowing the onset of transcription. They are involved in the regulation in response to diverse environmental signals, such as antibiotic stress, synthesis of virulence factors, and catabolism of aromatic compounds (20, 21) .
The rdhA-associated MarR-type regulators were designated RdhR to indicate that they are encoded in rdh gene clusters. One of these regulators from strain CBDB1, encoded by the gene locus cbdbA1625, is a member of a larger group of RdhR orthologs encoded in different D. mccartyi strains. We here refer to it as Rdh1R, using the numeral 1 to indicate that, together with other RdhR proteins, it forms the first RdhR ortholog group with a biochemically described member. This MarR-type regulator was previously shown to interact with the intergenic region between its own coding gene and the neighboring rdhA gene, suggesting that it might act as a transcriptional repressor (22) .
We have now analyzed the transcriptional regulation of an rdh gene cluster from strain CBDB1 which harbors five genes with locus tags cbdbA1452 to cbdbA1456 (3) . It contains two consecutive rdhAB genes with the locus tags cbdbA1453/cbdbA1452 and cbdbA1455/cbdbA1454. The RdhR-encoding gene (locus tag cbdbA1456), designated rdh2R, is located upstream from and divergently oriented with respect to the RdhAB structural genes (Fig. 1) . To easily distinguish the mentioned rdhAB and rdhR genes and their locations, we add the locus tag in parentheses.
This gene cluster is conserved in sequence (Ն98% identity) and synteny in three other D. mccartyi strains, DCMB5, GT, and CG5 (7, 23, 24) . Transcription of the rdhA gene (cbdbA1453) was shown previously to be upregulated in the presence of 1,2,3-trichlorobenzene (TCB) (25) . Furthermore, proteome analyses indicated the expression of both rdhA genes in strain CBDB1 grown on hexachlorobenzene (19) and different bromobenzenes (18, 26) , suggesting an active role of the encoded proteins in organohalide respiration.
The aim of this study was to elucidate the role of Rdh2R in the transcriptional regulation of both rdhA genes. D. mccartyi is not accessible to genetic analysis; therefore, the putative regulator Rdh2R was heterologously produced in Escherichia coli and its function was validated in the heterologous host. In vivo and in vitro studies indicated the specific interaction of Rdh2R with a conserved direct-repeat (DR) motif in the promoters of both rdhA genes.
MATERIALS AND METHODS
Bacterial strains, plasmids, and culture conditions. The bacterial strains, plasmids, and phages used in this study are listed in Table 1 . E. coli strains were grown in lysogeny broth (LB) supplemented with the appropriate antibiotics, diagnostic substrates, or inducers according to standard procedures (27) at 37°C, unless noted otherwise. The BL21(DE3) Rosetta strain served as the host for pASKIBA7Plus-and pASKIBA3Plus-based expression vectors (IBA, Göttingen, Germany) designed for the overproduction of Rdh2R. XL1-Blue MRF= (Stratagene, Amsterdam, The Netherlands) was used as the E. coli host for the cloning vectors pJET1.2, pBAD30, and pRS551. The phage-sensitive E. coli strain MC1061 was used to produce a heterogeneous phage lysate for subsequent transfer of the promoter-reporter gene constructs into the chromosome of arabinose-resistant E. coli MC4100 (28) .
D. mccartyi strain CBDB1 was grown anaerobically in Ti(III)-citratereduced (1.5 mM), carbonate-buffered synthetic medium with hydrogen as the electron donor and 5 mM acetate as the carbon source at 30°C, as previously described (15) . 1,2,3-TCB (Sigma-Aldrich, Seelze, Germany) dissolved in hexadecane (400 mM) was added to stock cultures to a nominal concentration of 10 mM or to cultures for transcription analyses dissolved in acetone (0.5 M) to a final concentration of 50 M.
Analytical techniques. Chlorobenzenes were extracted from 0.5-ml samples with 0.5 ml of hexane and analyzed using a Shimadzu GC2010 equipped with a flame ionization detector (GC-FID) and an Rtx35 capillary column with 1,3,5-tribromobenzene (1,3,5-TBB) as an internal standard, as previously described (23) .
Transcription studies, RNA extraction, and reverse transcription. For transcription experiments, replicate 120-ml cultures were inoculated to 10% (vol/vol) from a stock culture of strain CBDB1. The cultures were starved for 72 h prior to the induction of transcription by adding 50 M 1,2,3-TCB. Samples (2 ml) were taken during the period of active dechlorination from 5 to 48 h, and cells were harvested by centrifugation (8,377 ϫ g for 30 min at 4°C). RNA was extracted using the Total RNA purification kit (A&A Biotechnology, Gdynia, Poland). Contaminating DNA was removed using DNase I (New England BioLabs, Frankfurt/ Main, Germany), and the RNA was stored at Ϫ80°C until cDNA synthesis was performed. The RevertAid H Minus first-strand cDNA synthesis kit (Thermo-Scientific, Waltham, MA) was used for reverse transcription, followed by PCR with primers (see Table S1 in the supplemental material) targeting individual genes and intergenic regions.
Mapping of transcriptional start sites. CBDB1 cells were grown for 24 h in the presence of 50 M 1,2,3-TCB or 1,2,4-TCB. E. coli strains were grown to an optical density at 600 nm (OD 600 ) of 0.25. Cell suspensions of CBDB1 (150 ml) were harvested by centrifugation (3,500 ϫ g for 45 min at 4°C). The supernatant was discarded except for a 1-ml residue. The pellet was resuspended in this volume, transferred to a 1.5-ml tube, and centrifuged again (8,377 ϫ g for 30 min at 4°C). Cell suspensions of E. coli (10 ml) were harvested by centrifugation (3,500 ϫ g for 10 min at 4°C). The cell pellets were used for RNA extraction, and contaminating DNA was removed using DNase I. Primer extension analysis was carried out using a 5= rapid amplification of cDNA ends (5=-RACE) kit according to the manufacturer's recommendations (Roche, Mannheim, Germany). Total RNA (100 ng from CBDB1 and 1 g from E. coli strains) was subjected to cDNA synthesis using the rdhA (cbdbA1453 and cbdbA1455)-or rdh2R (cbdbA1456)-specific SP1 primers and the SP1 primer targeting the pRS551-carried lacZ gene, respectively (see Table S1 in the supplemental material). After tailing of the 3= end of the cDNA with poly(dATP), the cDNA was amplified by nested PCR with gene-specific SP2 and SP3 primers and the general oligo(dT) anchor primer (see Table S1 in the supplemental material). PCR products were cloned into pJet1.2 and transformed Table S1 in the supplemental material for the primers used). The dashed line indicates that the transcript was detected in only one of two biological replicates.
into E. coli XL1-Blue MRF=. Plasmids of several clones were analyzed by sequencing.
Construction of plasmids and promoter-lacZ transcriptional fusions. The gene regions of interest were amplified from genomic DNA of strain CBDB1 using Velocity polymerase (Bioline, Luckenwalde, Germany) with a proofreading function and the primers listed in Table  S1 in the supplemental material, introducing appropriate restriction sites for subsequent cloning. The intergenic region upstream of rdhA (cbdbA1455) carrying a deletion of both half-sites of the internal direct repeat (DR) (cbdbA1455⌬repeat) was synthesized (Centic Biotec, Heidelberg, Germany). DNA fragments were digested with the endonuclease BsaI for cloning into pASK-IBA3/7 vectors. For cloning into pJET1.2, the pJET cloning kit (Thermo Scientific) was used. For cloning the RdhRencoding gene rdh2R (cbdbA1456) into the pBAD30 vector, both vector and insert DNA were digested using EcoRI and HindIII and ligated into pBAD30, resulting in pBAD1456. The promoter-lacZ fusions were constructed by digestion of DNA fragments with BamHI and cloning into the BamHI site of the pRS551 vector. The resulting vectors containing promoter-lacZ fusions were transformed into the -RS45-sensitive E. coli strain MC1061. The transformed MC1061 strains were infected by -RS45 phage, and the lysates were used to transduce MC4100 cells to a kanamycin-resistant phenotype (29) .
In vivo promoter-probe assays. The lacZ-promoter fusion strains (LS9, LS20, LS21, LS22, and LS23) and the control strain (LS4) were grown anaerobically in LB medium supplemented with kanamycin (50 g/ml). To study the regulatory effect of putative RdhR regulators on gene expression, the appropriate strains were transformed with plasmid pBAD1456, pBAD1456_Stop, or pBAD30 as a vector control (Table 1) and cultivated in LB supplemented with kanamycin (50 g/ml) and ampicillin (125 g/ml). For induction of Rdh2R synthesis, 0.02% (wt/vol) arabinose was added. The strains were grown in triplicate to an OD 600 of 0.4 to 0.6 at 37°C. To investigate gene expression, triplicate 100-l volumes of each of three replicate cultures were subjected to ␤-galactosidase activity measurement as described previously (22) . Overproduction and purification of Rdh2R-Strep tag fusion protein. The generated vectors pASKIBA3_1456 and pASKIBA7_1456 encoding the C-and N-terminal Strep tag fusions of Rdh2R (Rdh2R StrepC and Rdh2R StrepN , respectively) were transformed into E. coli BL21(DE3) Rosetta (Table 1) . Cultures were grown anaerobically at 37°C in potassium phosphate-buffered TGYEP medium (30) containing 0.4% (wt/vol) glucose, chloramphenicol (25 g/ml), and ampicillin (125 g/ml). The heterologous production of Rdh2R was induced by adding 0.2 g/ml anhydrotetracycline in the mid-exponential growth phase (OD 600 of 0.4 to 0.6). Cultures were incubated for a further 3 h at 30°C to induce overproduction of Rdh2R StrepN /Rdh2R StepC . Cells were harvested by centrifugation at 2,990 ϫ g and 4°C for 30 min, and the resulting cell pellets were resuspended in 10 ml of lysis buffer (500 mM NaCl, 100 mM Tris-HCl, pH 8.0) per 1 liter of culture. After addition of 6 units ml Ϫ1 DNase B and 2 l/ml phenylmethylsulfonyl fluoride (PMSF) (10 mM stock solution), the cells were lysed by sonication using a Sonotrode K76 (Bandelin Electronic, Berlin, Germany) sonifier using a power setting of 2 ϫ 30 W for 3 min at 4°C. The cell debris was collected by centrifugation at 50,000 ϫ g for 30 min at 4°C. Afterwards, the soluble fraction was separated from the membrane fraction by centrifugation at 130,000 ϫ g at 4°C for 1 h. Soluble fractions were incubated with 2.4 l/ml avidin (2 mg/ml stock solution) for 30 min at 4°C prior to protein purification using StrepTactin-Sepharose columns as specified by the manufacturer (IBA, Göttingen, Germany). Based on SDS gel electrophoresis, the eluted protein formed a single band of the expected size with only minor (Ͻ5%) contamination. In addition, analytical ultracentrifugation of the eluted protein fraction revealed one protein species. Protein concentrations were measured at 280 nm. For quantification of Rdh2R StrepC , an extinction coefficient of 18,450 M Ϫ1 cm Ϫ1 was used. The ratio of absorption at 280 nm to that at 260 nm was 1.78, indicating a purified protein free of nucleic acid contamination. Purified proteins were used immediately or stored in 20-l aliquots in liquid nitrogen prior to use.
EMSA. The intergenic regions (IR) between rdhA (cbdbA1453) and rdhB (cbdbA1454) (IR1453-1454) (f1) and between rdhA (cbdbA1455) and rdh2R (IR1455-1456) (f3) and the respective internal fragments f2 and f4-f6 were amplified from genomic DNA of D. mccartyi CBDB1 using Velocity DNA polymerase and the primers indicated in Table S1 in the supplemental material. In addition, double-stranded, 27-to 32-bp-long oligonucleotides were synthesized. Two complementary oligonucleotides (80 pmol) were annealed in a reaction mix containing 20 mM NaCl, 10 mM Tris-HCl (pH 7.5), and 1 mM EDTA using a decreasing temperature gradient (90°C for 2 min, 70°C for 10 min, 60°C for 20 min, 50°C for 20 min, 40°C for 20 min, 30°C for 20 min, 20°C for 20 min, and finally 4°C for 10 min). The double-stranded oligonucleotides were stored at Ϫ20°C. Electrophoretic mobility shift assay (EMSA) reaction mixtures (20 l) contained DNA binding buffer (50 mM Tris [pH 7.5], 50 mM KCl, 5 mM MgCl 2 , 5% glycerol, 1 mM EDTA, 3 mM dithiothreitol), 0.3 g poly(dI/ dC), 25 nM oligonucleotide, and purified Rdh2R StrepC or Rdh2R StrepN and were incubated for 30 min at room temperature. Possible ligands were added to a concentration of between 0.3 M and 1 mM (see Table S2 in the supplemental material). The chlorinated benzenes were dissolved at appropriate concentrations in dimethyl sulfoxide (DMSO), and 1 l of the stock solution was added (5% vol/vol) to the reaction mixture containing the protein and the DNA fragment of interest. The other compounds tested were provided from stock solutions in double-distilled water (ddH 2 O) by adding them to the reaction mixture containing the protein. Mixtures were incubated for 30 min on ice prior to the addition of the oligonucleotide. The samples were separated by electrophoresis on a 10% (wt/vol) nondenaturing acrylamide gel (80 mM Tris-HCl pH 8.5) at 4°C for 30 min in nondenaturing buffer (100 mM Tris, 100 mM glycine). The gels were stained with GelRed (Biotium, Hayward, CA), and the DNA fragments were visualized under UV light.
DNase I footprinting. DNase I footprinting was performed using a nonradiochemical method described previously (31) . 5=-6-Carboxyfluorescein (6-FAM)-labeled DNA fragments representing the intergenic regions rdhA (cbdbA1453)-rdhB (cbdbA1454) (IR1453-1454; 434 bp) and rdhA (cbdbA1455)-rdh2R (IR1455-1456; 381 bp) were generated by PCR amplification using 6-FAM-labeled forward primers and unlabeled reverse primers (see Table S1 in the supplemental material). The purified DNA fragment (25 nM) was dissolved in 20 l DNA binding buffer, and 6 M Rdh2R StrepC or Rdh2R StrepN was added for the analysis of binding to IR1453-1454 or IR1455-1456, respectively. After incubation for 30 min at room temperature, DNase I (0.01 unit) was added, and the mixture was incubated for a further 1 min before the digested DNA was purified and subjected to GeneScan sequencing analysis (Seqlab, Göttin-gen, Germany).
Quick-change mutagenesis. Site-directed mutagenesis was performed using 50 ng of the plasmid pBAD1456, 125 ng of the two complementary oligonucleotide primers pBAD30_1456Stop_f/r (see Table S1 in the supplemental material), 200 M deoxynucleoside triphosphates (dNTPs), 1ϫ HiFi buffer, and 1 U Velocity polymerase. The start codon was changed to a stop codon during a PCR with 16 cycling repetitions of 95°C for 30 s, 65°C for 1 min, and 72°C for 3 min. The methylated, nonmutated parental DNA template was digested with DpnI (10 U, 1.5 h, 37°C). The mutated plasmid was transformed into electrocompetent E. coli XL1-Blue cells.
Mass spectrometry. To identify proteins by mass spectrometry, soluble fractions of E. coli cells were separated by SDS-PAGE and stained with Coomassie blue, and bands of interest were excised, washed in 50 mM ammonium bicarbonate, reduced with 10 mM dithiothreitol, alkylated with 100 mM iodoacetamide, and subjected to in-gel digestion with trypsin as described previously (32) . Digested peptides were extracted from the gel pieces with 50% acetonitrile-5% formic acid and subsequently concentrated, desalted with C 18 -coated pipette tips (ZipTip; Merck Millipore, Darmstadt, Germany) (32), and finally dried by vacuum centrifugation (RVC 2-25 CD plus; Christ, Osterode, Germany) at 50°C and 2,000 Pa. Peptides were stored at Ϫ20°C and later resuspended for mass spectrometry in 15 l 0.1% (vol/vol) formic acid. For mass spectrometry, peptides were separated by nanoflow high-performance liquid chromatography (nHPLC) (Dionex Ultimate 3000 RSLC nano system; Thermo Scientific) using an Acclaim PepMap 100 C 18 column (Thermo Scientific) and analyzed via tandem mass spectrometry (Orbitrap Fusion mass spectrometer; Thermo Scientific) using the parameters described previously (33) .
Analytical ultracentrifugation. The association state of Rdh2R was analyzed by sedimentation equilibrium using a Beckman XLI analytical ultracentrifuge (Beckman Instruments, Palo Alto, CA) and an An50Ti rotor equipped with double-sector cells at 12 000 rpm and 20°C. The protein concentration varied between 40 and 500 g/ml, and the protein was monitored by absorption at 230 nm or 280 nm. For the analysis of the stoichiometry of the Rdh2R-DNA complex, a 25 nM concentration of the double-stranded oligonucleotide 6-FAM-IR1455_105-136 was incubated with increasing concentrations (7.5 to 1,659 nM) of the Rdh2R StrepC dimer in 300 l of DNA binding buffer (50 mM Tris [pH 7.5], 50 mM KCl, 5 mM MgCl 2 , 5% glycerol, 1 mM EDTA, 3 mM dithiothreitol [DTT]) for 30 min at room temperature. Formation of the complex was monitored by a fluorescence detection system (excitation at 488 nm; Aviv Biomedical, Lakewood, NJ) implemented in the analytical ultracentrifuge. A sedimentation velocity run was carried out at 40,000 rpm and 20°C for 4 h and an equilibrium sedimentation run was carried out at 12,000 rpm and 20°C. All data analyses were performed using the program Sedfit (34) . For molecular mass calculations, the following partial specific volumes were applied (35) : v (protein) ϭ 0.73 ml/g, v (double-stranded DNA [dsDNA]) ϭ 0.56 ml/g, and v (complex) ϭ 0.696 ml/g (calculated with weight fractions of 80% for the protein and 20% for the dsDNA according to reference 35). For calculation of the dissociation constant K d of the Rdh2R-dsDNA complex, the relative amount of complex was obtained from the fluorescence intensity of the sedimenting species and plotted against the protein concentration (given as dimer) used.
Data analysis. Analytical ultracentrifugation revealed the protein as a dimer (D). Binding of nucleic acids (Nu), however, induced the formation of a tetramer (T)
The initial number of dimers (D 0 ) equals the sum of unbound dimer D and 2 times the concentration of formed tetramers (T) at a defined nucleic acid concentration.
The measured signal amplitude (S) of the fluorescence is proportional to the concentration of the tetramer at a defined nucleic acid concentration. The maximum signal amplitude (S max ) corresponds to the maximum concentration of tetramers possible (T max , here 25 nM).
The maximum concentration of tetramers possible is equal to half of the initial dimer concentration.
If the maximum signal is normalized, the signal amplitude at a specified nucleic acid concentration can be considered as a value relative to 1 (100%).
If the signal amplitude is related to the maximum concentration of tetramers (25 nM), a relative signal amplitude can be defined.
RESULTS
Organization and transcriptional analysis of the cbdbA1452-cbdbA1456 gene cluster in D. mccartyi CBDB1. The two rdhAB gene pairs (cbdbA1453/cbdbA1452 and cbdbA1455/cbdbA1454) are separated by an intergenic region of 433 bp ( Fig. 1) , which is expected to contain the promoter for the first rdhA (cbdbA1453) (P 1453 ). According to the divergent orientation of the genes rdhA (cbdbA1455) and rdh2R (cbdbA1456), their 328-bp intergenic region should contain both respective promoters, P 1455 and P 1456 .
The transcription of all genes in this cluster was studied in freshly transferred CBDB1 cultures that were starved for the electron acceptor for 72 h prior to the induction of transcription by 50 M 1,2,3-trichlorobenzene (1,2,3-TCB). 1,2,3-TCB was completely dechlorinated within 48 h to 1,3-dichlorobenzene. RNA was extracted and subjected to reverse transcription. Using quantitative PCR (qPCR), the time courses of transcriptional induction of both rdhA genes and rdh2R were compared to those for a negative control without 1,2,3-TCB (see Fig. S1 in the supplemental material). The transcript copy numbers of all genes increased more than 10-fold and reached a maximum between 24 and 48 h, which demonstrates transcriptional activity of this gene cluster during 1,2,3-TCB dechlorination. cDNAs from 24-and 48-h samples were then used to study the transcription of the whole gene cluster using PCR with primers (see Table S1 in the supplemental material) targeting genes and intergenic regions (Fig. 1) . Cotranscription of both rdhA genes with their associated rdhB genes was demonstrated by PCR products spanning the short intergenic regions (26 and 28 bp) (Fig. 1 , fragments a and f, respectively). In addition, short overlapping mRNA fragments were indicated within the intergenic region rdhA (cbdbA1453)-rdhB (cbdbA1454) (fragments d and e). A larger fragment (c) spanning the 5= end of the first rdhA (cbdbA1453) and an internal sequence of the second rdhA (cbdbA1455) was occasionally detected. This suggests the formation of polycistronic mRNA covering both rdhA genes, which corresponds to the absence of transcriptional attenuator sequences in this gene cluster (36) . Construction of lacZ reporter strains for the in vivo analysis of promoter-regulator interaction. To investigate the in vivo interaction of Rdh2R with the putative rdhA promoters and the promoter of its own coding gene, the intergenic regions between rdhA (cbdbA1453) and rdhB (cbdbA1454) and between rdhA (cbdbA1455) and rdh2R (the latter in both transcriptional orientations) were transcriptionally fused to lacZ and cloned into the pRS551 vector. The constructs were subsequently transduced in single copy into the E. coli chromosome, resulting in strains LS9, LS20, and LS21 carrying the putative promoters P 1453 , P 1455 , and P 1456 of the rdhA genes (cbdbA1453 and cbdbA1455) and the rdh2R gene (cbdbA1456), respectively. A strain carrying the promoterless lacZ gene on the chromosome (LS4) served as negative control. Analysis of the ␤-galactosidase activity indicated expression from all tested promoters, resulting in ␤-galactosidase activities of ca. 400 Miller units for P 1453 and P 1456 and 1,900 Miller units for P 1455 , whereas the promoterless control showed only negligible activity. This demonstrates that the E. coli RNA polymerase recognized all three D. mccartyi promoters.
Identification of rdhA and rdhR transcriptional start sites in D. mccartyi and the heterologous host. The transcriptional start sites of rdhA (cbdbA1455) and rdh2R in strain CBDB1 and of the P 1453 -, P 1455 -, and P 1456 -fused lacZ in E. coli were determined using 5=-RACE. The transcriptional start sites of rdhA (cbdbA1455) and P 1455 -lacZ and of rdh2R and P 1456 -lacZ were almost identical (123/120 nucleotides [nt] and 42/41 nt upstream of the respective translational start sites) (Fig. 2) , indicating a similar promoter recognition by the E. coli and D. mccartyi RNA polymerases. The transcriptional start site of P 1453 -lacZ was mapped to 119 nt upstream of the translational start site (Fig. 2) . Reasonably conserved Ϫ10 and Ϫ35 70 recognition sites were identified (37) close to all detected transcriptional start sites. Interestingly, the identified transcriptional start sites of P 1453 -lacZ and P 1455 -lacZ (or P 1455 of the native rdhA) are located within an almost identical directrepeat (DR) sequence consisting of 13-and 11-bp half-sites, respectively (Fig. 2) . Each half-site of the DR contained a palindrome (GTA/TAC) with 3-bp half-sites, each of which can also be regarded as a half-site of an inverted repeat separated by 7 bp (Fig.  2, inset) . Screening of the genome of strain CBDB1 revealed the presence of a similar 12-bp DR motif in one further intergenic region, located upstream of the rdhA gene with the locus tag cbdbA1598. A stretch of 9 bp in each half-site, including the palindromic GTA/TAC motif, was identical with the repeat motifs in P 1453 and P 1455 . Additional regions of high similarity were found upstream of all three rdhA genes, including the sequence extending upstream of the DR and covering the predicted Ϫ10 recognition sites (see Fig. S2 in the supplemental material) . The transcriptional start site of rdhA (cbdbA1598) in strain CBDB1 was also determined and mapped to one half-site of the respective DR (see Fig. S2 in the supplemental material) .
In vivo interaction of Rdh2R with the rdhA and rdhR promoters. To investigate the in vivo interaction of Rdh2R with the promoters P 1453 , P 1455 , and P 1456 , its coding gene was cloned into the pBAD30 vector under the control of the arabinose-inducible P BAD promoter. The promoter-lacZ reporter strains were transformed with the resulting plasmid, pBAD1456. Cells transformed with the empty pBAD30 vector served as negative control. The ␤-galactosidase activities were measured following anaerobic cul-
FIG 2
Transcriptional start sites and putative 70 recognition sites upstream of the rdhA genes (cbdbA1453 and cbdbA1455) and the rdh2R gene. The transcriptional start sites (bent arrow, ϩ1) were identified by 5= rapid amplification of cDNA ends (5=-RACE) using cDNA of CBDB1 or of E. coli strains LS9, LS20, and LS21 carrying P 1453 , P 1455 , and P 1456 -lacZ fusions. The distance to the translational start site of the corresponding gene is given. Putative Ϫ10 and Ϫ35 regions (letters in bold and italics) were predicted using the BProm software. A conserved direct repeat in the promoter regions of both rdhA genes (cbdbA1453 and cbdbA1455) is represented by straight arrows, and the identical bases in its half-sites are shown in bold. Bold line, sequence stretch protected by Rdh2R against DNase I digestion. Inset, alignment of the conserved direct repeats in P 1453 and P 1455 , indicating conserved bases (bold letters) and the included inverted repeats (dashed and solid arrows). tivation in the absence and presence of 0.02% (wt/vol) arabinose. In the absence of arabinose, all strains showed similar activities, regardless of whether they were transformed with the empty vector pBAD30 or the vector encoding Rdh2R. Upon induction of the synthesis of Rdh2R by arabinose, the ␤-galactosidase activities of the P 1453 -and P 1455 -lacZ fusion strains decreased by 87% and 55%, respectively, whereas the activity of the P 1456 -lacZ fusion strain was not affected (Fig. 3) . The promoter of another MarRencoding gene, rdh1R (cbdbA1625) (22) , was also not regulated by Rdh2R (see Fig. S3 in the supplemental material). To study whether the conserved 9 bp in P 1598 was sufficient for recognition by Rdh2R, the in vivo interaction with the intergenic region of rdh (cbdbA1598) and the gene locus cbdbA1599 was tested. The activity of the P 1598 promoter decreased significantly in the presence of arabinose, suggesting that the promoter is recognized and repressed by Rdh2R (see Fig. S3 in the supplemental material) . The importance of the DR motif for DNA binding of Rdh2R was further shown using strain LS23 carrying the P 1455 -lacZ promoter with a deletion in the DR motif (cbdbA1455⌬repeat-lacZ promoter fusion [ Table 1] ). As expected, the ␤-galactosidase activity did not change upon induction of Rdh2R (see Fig. S3 in the supplemental material).
To confirm that the observed effects are indeed exerted by the heterologously produced Rdh2R, the start codon ATG of rdh2R was changed to the amber stop codon (TAG) using quick-change mutagenesis, resulting in the plasmid pBAD1456_Stop. The strains transformed with this plasmid showed no significant reduction in ␤-galactosidase activity in the presence of arabinose (Fig. 3) . Further, to exclude that the synthesis of a heterologous protein led to a general decrease of the ␤-galactosidase synthesis and activity, another MarR regulator, Rdh1R (cbdbA1625), encoded on plasmid pBAD1625 (22) , was introduced into the reporter strains. The results show that Rdh1R, in contrast to Rdh2R, did not repress the activity of promoters P 1453 and P 1455 . It also did not affect the activity of P 1456 (see Fig. S4 in the supplemental material).
In addition, the synthesis of Rdh2R was analyzed by mass spectrometry in E. coli strains LS20 and LS21 carrying the P 1455 and P 1456 promoter-lacZ fusions and pBAD1456 after growth with and without arabinose. The D. mccartyi protein Rdh2R was identified in all cell extracts. While only one or two Rdh2R peptides were detected in extracts from noninduced cells, the number of peptides increased to 5 and 9 in the arabinose-induced LS20 and LS21 strains resulting in a protein coverage of 19 and 28%, respectively (see Table S3 in the supplemental material). This demonstrates that Rdh2R is produced in E. coli and that its synthesis is enhanced in the presence of arabinose. In addition, the verification of Rdh2R synthesis in LS21 (P 1456 ) further supports that the lack of P 1456 repression is due to the absence of a recognition sequence in its promoter (Fig. 3) .
In vitro identification of the DNA-binding site of Rdh2R. Rdh2R was heterologously produced as C-and N-terminal Streptagged fusion proteins and purified as described in Materials and Methods. The intergenic regions between rdhA (cbdbA1453)-rdhB (cbdbA1454) and between rdhA (cbdbA1455)-rdh2R were PCR amplified as DNA fragments and used to determine the Rdh2R-binding site by DNase I footprinting (Fig. 4) . A 34-bp region and a 29-bp region were protected by Rdh2R from DNase I digestion in the intergenic regions between rdhA (cbdbA1453)-rdhB (cbdbA1454) and between rdhA (cbdbA1455)-rdh2R, respectively. The regions mapped perfectly to the respective DR and covered the transcriptional start site and part of the Ϫ10 consensus elements of rdhA (cbdbA1453) and rdhA (cbdbA1455), which is in line with the assumption that Rdh2R represses rdhA gene transcription by inhibition of RNA polymerase binding (Fig. 2) . No DNase I protection site was detected in the region of the transcriptional start site of rdh2R, further supporting the data indicating that Rdh2R does not regulate the transcription of its own gene.
The localization of the binding sites was confirmed by EMSAs. The complete intergenic regions, as well as shorter fragments surrounding the DRs in the promoter regions of rdhA (cbdbA1453) and rdhA (cbdbA1455), were shifted by interaction with Rdh2R StrepC to bands of lower mobility, whereas the fragment containing the rdh2R promoter was not significantly shifted (fragment f6 in Fig. S5 in the supplemental material) .
Specificity of in vitro binding of Rdh2R to oligonucleotides. The synthetic double-stranded oligonucleotides (27 to 32 bp long) IR1453_107-133 and IR1455_105-136 (see Table S1 and Fig. S6 in the supplemental material) containing the DRs and the overlapping Ϫ10 recognition sites of P 1453 and P 1455 , respectively, were tested in EMSAs. Starting from a 1:1 molar ratio of Rdh2R (calculated as a dimer [see below]) and DNA, one or two complexes of lower mobility were formed (Fig. 5) . Binding was also observed, albeit at higher protein concentrations, to the double-stranded oligonucleotide IR1598_123-152 containing the 12-bp DR of P 1598 .
Binding to the following double-stranded oligonucleotides (see Table S1 in the supplemental material) was also tested: IR1455_137-168, IR84_184-213, and IR1624_85-126, representing the sequence directly flanking the DNase I-protected sequence of P 1455 , a random sequence upstream of the rdhA gene cbrA, and the perfect 40-bp palindrome in the promoter of rdh1R (cbdbA1625) (22) , respectively. For these oligonucleotides a mobility shift was observed only at concentrations above 900 nM (dimer concentration), suggesting unspecific binding (Fig. 5) .
Further, 30-bp double-stranded oligonucleotides containing only one half-site of the DR of P 1455 , IR1455_92-118 and IR1455_121-148 (see Table S1 and Fig. S6 in the supplemental material), were designed, representing the first and the second half-site with respect to the translational start site, respectively. Interestingly, a mobility shift occurred reproducibly only at Rdh2R dimer concentrations of 153 and 308 nM, respectively (see Fig. S7 in the supplemental material), suggesting that both half-sites are necessary for efficient binding of Rdh2R. Stoichiometry and affinity of binding of Rdh2R. Analytical ultracentrifugation was used to determine the oligomeric state of Rdh2R StrepC in solution and in complex with the 32-bp doublestranded oligonucleotide 6-FAM-IR1455_105-136 (see Table S1 FIG 4 Table S1 in the supplemental material) derived from promoter regions of the rdhA genes (cbdbA1455, cbdbA1453, and cbdbA1598) (upper panel) and the rdhA genes (cbdbA1455, the sequence directly flanking the DNase I-protected sequence, and cbrA) and the rdh1R gene (cbdbA1625) (lower panel) and increasing concentrations of Rdh2R StrepC dimer.
in the supplemental material) comprising the DR in P 1455 . The pure protein was dimeric in solution with an experimentally obtained apparent molecular mass of 42 Ϯ 3.4 kDa, clearly indicating a dimeric species. This dimerization was independent of protein concentration in the range of 40 to 500 g/ml (0.9 to 102 M dimer). Addition of 25 nM 6-FAM-IR1455_105-136 led to the formation of only one complex with an apparent sedimentation coefficient of 6.08 Ϯ 0.15 S over the whole range of protein concentrations tested (7.5 to 1,660 nM dimer) (Fig. 6a) . Using equilibrium sedimentation, the molecular mass of this complex was determined to be 95.1 kDa (see Fig. S8 in the supplemental material), suggesting binding of Rdh2R StrepC as a tetramer (monomer molecular mass, 20.09 kDa) to the double-stranded oligonucleotide (20.2 kDa). Furthermore, the apparent K d of the complex could be calculated as 63 nM (Fig. 6b) . It should be noted that this dissociation constant does not describe a single molecular reaction but instead describes the overall reaction of DNA binding and tetramerization of Rdh2R (see Materials and Methods).
Interaction of Rdh2R with possible ligands. To examine whether binding of Rdh2R to the promoters can be abolished by specific ligands, a range of compounds were tested in EMSAs. These included several halogenated compounds and their dehalogenation products, such as chlorinated and brominated benzenes, and chlorinated phenols. In addition, the following compounds involved in energy and carbon metabolism or the B 12 salvage pathway were investigated: NAD, NADP, NADH, NADPH, FAD, S-adenosylmethionine, acetylphosphate, coenzyme A, acetyl coenzyme A, cyanocobalamin, and 5=,6=-N,N-dimethylbenzimidazole. However, despite the different conditions tested, none of these compounds was able to abolish DNA binding (see Materials and Methods for experimental details and see Table S2 in the supplemental material for an extended list of tested compounds). In addition, the influence of 1,2,3-TCB on the Rdh2R interaction with promoter P 1455 was tested in vivo (see Fig. S9 in the supplemental material), and it also showed no effect.
DISCUSSION
The genomes of known D. mccartyi strains harbor between 4 and 17 MarR-type regulator-encoding genes, roughly half of which are directly associated with rdhA genes (22) . In the genome of strain CBDB1, 16 genes were originally annotated as MarR-encoding genes (3), and recently one further gene, rdhR (cbdbA1504ϩ) (see Fig. S10 in the supplemental material), was annotated by a proteogenomic approach (19) . Of these 17 MarR-encoding genes, 12 are located upstream of rdhAB genes, and thus are indicated as rdhR genes. They are mostly carried on the opposite DNA strand, with two exceptions, cbdbA1534 and cbdbA1583, which are located on the same strand. The encoded RdhR regulators form a distinct clade in the phylogenetic tree derived from genome sequences of D. mccartyi strains (see Fig. S10 in the supplemental material), suggesting a similar function in organohalide respiration. The other five MarR-encoding genes either are not associated with rdhAB genes (cbdbA855, cbdbA1085, and cbdbA1466) or are located downstream of rdhAB genes (cbdbA1616 and cbdbA1622). With the exception of RdhR (cbdbA1466), the respective proteins seem to be more closely related to the canonical MarR regulators such as MarR from E. coli and CbrA from Comamonas testosteroni (38, 39) than to the majority of Dehalococcoides RdhR proteins (see Fig. S10 in the supplemental material).
Rdh2R and its orthologs form a distinct branch in the phylogenetic tree, which shares the same phylogenetic origin with two other clusters of orthologs represented by RdhR (cbdbA1596) and RdhR (cbdbA1619) of strain CBDB1, as supported by a high bootstrap value (see Fig. S10 in the supplemental material).
Rdh2R acts as a repressor of specific rdhA promoters. The repression of P 1453 and P 1455 by Rdh2R was demonstrated using E. coli as the host for the in vivo investigation of promoter activity. The observed decrease of ␤-galactosidase activity was clearly mediated by Rdh2R according to the mass spectrometric evidence of its formation and the fact that a variant with a mutated translational start codon, or another heterologously produced protein, did not repress promoter activity. Thus, Rdh2R resembles Rdh1R (cbdbA1625), which also acts as a repressor (22) , but it differs with respect to its missing autoregulatory function (Fig. 3) . In general, it seems that (de)repression is an important regulatory mechanism in D. mccartyi. In contrast, CprK, the first described regulator in Desulfitobacterium hafniense, was shown to activate transcription of rdhA genes upon binding of the halogenated phenol (40) (41) (42) .
No interaction between Rdh2R and the promoter of rdhR (cbdbA1625), which is the natural target of Rdh1R, was observed (see Fig. S2 in the supplemental material), confirming thatRdh2R specifically regulates the genes in its own gene cluster. However, according to the results of in vivo and in vitro experiments, an interaction with the distantly located promoter P 1598 seems possible. It might compete with the MarR regulator RdhR (cbdbA1596) encoded in close vicinity to rdhA (cbdbA1598). Its close phylogenetic relationship with Rdh2R (see Fig. S10 in the supplemental material) suggests a similar mode of target interaction.
Interestingly, all three RdhAs (cbdbA1453, cbdbA1455, and cbdbA1598) were identified in the proteome of hexachlorobenzene (HCB)-grown cells (19) , indicating a derepression under the same growth conditions. Most likely, rdhA gene repression by MarR regulators relates to electron acceptor starvation, preventing protein synthesis under unfavorable conditions. This hypothesis is supported by results of transcription analyses, which demonstrated low transcript numbers of the two rdhR-associated rdhA genes (cbdbA1453 and cbdbA1624) in the absence of 1,2,3-and 1,2,4-trichlorobenzene, increasing almost 100-fold only in their presence (25) .
However, the signal which leads to derepression is not known yet. Despite the large array of compounds tested, the promoterregulator interaction was not abolished by any of these compounds in vitro and also not by 1,2,3-TCB in vivo. Further studies will be necessary to elucidate the underlying mechanism of signal sensing but should take into account that signal sensing of MarR regulators can be mediated by small proteins (43) .
Binding of Rdh2R to a specific motif. The binding motifs of MarR regulators are usually short (pseudo)palindromic sequences within the operator sequence of the target gene. The length of the inverted repeats varies from 4 to 9 bp and the space between them from 0 to 17 bp (21) . In contrast, the GTA/TAC inverted repeats in the Rdh2R-binding site are only 3 bp long and are not interspaced. Usually the palindrome is occupied by one dimer of MarR, where each monomer targets one half-site (38) . Multiple conserved palindromes can occur in the form of DRs in one intergenic region, enabling MarR binding to the operators of both adjacent genes, as has been reported, e.g., for MexR (44), or to modulate the affinity of binding. The latter was observed for OhrR from Bacillus subtilis (45) , where two palindromic DR sequences are separated by only 4 bp. OhrR dimer binding to one repeat leads to cooperative binding of a second dimer to the other repeat. Similarly, the MepR-regulated mepA operator site consists of a DR motif with a 1-bp separation between the two repeats. One half-site was identified as the primary binding site of the MepR dimer, and the second dimer was recruited by a cooperative mode of target interaction leading to full repression (46) . Structural studies suggested allosteric changes of the downstream DNA upon binding of the first dimer facilitating recruitment of the second dimer, whereas evidence for protein-protein interaction was not obtained. Our finding that Rdh2R binds as a tetramer to a DR motif of similar size suggests a similar mode of cooperative interaction. However, the compact GTA/TAC inverted-repeat motif within a DR half-site is strikingly different from the 14-bp pseudopalindromic sequence in the mepA operator. In addition, the DNase I-protected site in the mepA operator is considerably larger than those in the P 1455 and P 1453 promoters. Therefore, the canonical mode of MarR binding of the two monomers to adjacent major grooves might not apply to binding of the Rdh2R dimer to the short GTA/TAC motif but rather to the larger GTATAC-X 7 -GTATAC incomplete palindrome formed by both DR halfsites.
The affinity of Rdh2R to its target sequence (63 nM) is one order of magnitude lower than the affinity of other MarR regulators to their target sequences, such as OhrR (5 nM) (45) or PcaV (4 to 12 nM) (47) , which bind as dimers to a single recognition site. Interestingly, the overall K d value of binding of two MepR dimers to closely adjacent recognition motifs is in a similar range (42 nM) (46) as that of binding of the Rdh2R tetramer. Formation of a relatively compact complex might effectively interfere with RNA polymerase binding. On the other hand, the reduced affinity might enable a faster dissociation under conditions suitable for organohalide respiration. The molecular interaction of the Rdh2R tetramer with the small DR motif will be analyzed in future studies to understand its role in the survival of Dehalococcoides mccartyi in the absence and presence of halogenated compounds.
